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testing. Thus, the field test provided realistic data on all but the live
firing of the missiles. The verified missile simulations, using field test
data as input, were then substituted for actual live firing.

Results of the analysis of the data collected in Subphase lIB are provided in
three areas: line-of-sight pairings with firing sequences, target vehicle
velocity and acceleration summaries, and relationships among maximum gunner
error and target, vehicle motion.
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ABSTRACT

This report contains an overview of all phases and subphases of the
Antitank Missile Test (ATMT) with a detailed discussion of the analysis
of the data collected during •ubphase IIB. The purpose of ATMT was 'to
determine the degradation of the TOW, DRAGON, and Shillelagh missile
systems caused by target vehicle evasive maneuvers. The target vehicles
used in all subphases were the M6OAl tank, XM800 Scout, and the XM8O8
TWISTER. The ATMT methodology includes the use of hybrid missile
simulations, actual gunner tracking error, vehicle evasive maneuvers in
an operational environment, and data collection from field testing.
Thus, the field test provided realistic data on all but the live firing
of the missiles. The verified missile simulations, using field test data
as input, were then substituted for actual live firing.

Results of the analysis of the data collected in Subphase liB are
provided in three areas: line-of-sight pairings with firing sequences,
target vehicle velocity and acceleration sunmmaries, and relationships
among maximum gunner error and target vehicle motion.



I
EXECUTIVE SUMMARY

1. BACKGROUND. The Antitank Missile Test (ATMI) was a two-phased effort
to consider the two basic compooents of an antitank guided missile (ATGM)
system, the launcher-man system (or gunner input) and the missile-tracker
system (or missile input). The missile systems considered in ATMT were the
TOW, DRAGON, and Shillelagh. Phase I, completed in December 1974, identi-
fied an array of wandidate maneuvers to be used in the Phase II field test.
These maneuvers were ranked by their ability, assuming perfect gunner
tracking, to tax missile response capabilities to the greatest degree.
The final maneuvers selected for the field test were variations of the
serpentine, swerve, and fast turn.

2. PURPOSE. The Phase II field test and analysis was designed to determine
the degradation of the TOW, DRAGON, and Shillelagh ATGM system capabilities
as a result of target maneuver.

3. OBJECTIVES,

a. Objective 1. Obtain data to determine if ATGM systems can track
targets that are executing maneuvers thought to be limiting to the technical
capabilities of the TOW, DRAGON, and Shillelagh systems.

b. Objective 2. Obtain aiming error data to determine if tanks with

conventional weapons systems can engage the same type of maneuvering targets.

c. Objective 3. Provide data that may be used to:

(1) Develop product improvements for existing antitank conventional
and guided missile systems.

(2) Develop follow-on requirements for antitank systems.

(3) Improve antitank and armor crew programs for training.

(4) As.ist in improvin; existing combat simulation models.

(bv) [vauate effects of target vehicle mobility on gunner tracking
performance.

4. SCOPE OF F X PERIMFNI.

a. !he Phae [ Ia Vslynis was conducted by sub[Žhast . TIis report con-
tains the summary f thl e ,.nalyi, for Suhphispe i11 and is unclasnified,

ihe =nmWs.ary f K n ,1. Of the rrmainriI 'nuhphd, iq being published
by AMSAA aq a ilu in lass find Li RET.

bi. F 1i In ./ trny , undO , =(10 * W ion o ,intoiiti all irlfrired (.fR)

sourie (in thq 0 i55-• , lh fun tion fi f t he: IQ .urc i5 to allow L &h
Mi,,,ItP trC&I• t"o WH&• on.y d.iý,.•Lrppanny h mrl~ean the/ min•.. le 15 11htt path



and the line of sight established by the gunner. eA a discrepancy is
detected, a corrective command is automatically t ansmitted to the missile.
In lieu of firing live missiles, the ATMT method-iogy measured gunner
error via the corrective command generated by tCe missile tracker. To
capture gunner error instead of corrections to the ATGM, an MR beacon was
mounted on top of the target vehicl ,s so that it was visible from all
aspects. The error signal generated was the difference between the tracker-
beacon line and the gunner's aim line. With the bias for beacon mounting
position removed, this error signal became the gunner tracking error from
the ideal aim point.

c. Subphase IIA was designed to evaluate gunner tracking when target
vehicles performed exact imitations of the mathematically generated
maneuvers selected for field testing in Phase 1. Each path was visually
marked for drivers of the target vehicles. Vehicle paths consisted of
from two to four maneuvers connected by 50-meter straight stabilization
segments. At no time was line of sight broken between the weapon systems
and the target vehicles.

d. Subphase IIB was the most operationally oriented approach to
evaluating evasive maneuvers. Drivers of the target vehicles were in a
free-play mode, which allowed them to utilize terrain and cover to break
line of sight while traversing the required terrain. Gunners indicated
times at which they felt weapons should be fired.

e. Subphase IIC employed the three maneuvers from Subphase IIA, the
swerve, fast turn, and random serpentine. As in Subphase hIA, continuous
line of sight was maintained and 50-.meter straight stabilization segijv-,'l-,
between mareuvers were used. However, drivers were told the sequence 1,f
maneuvers to execute and the avenue of approach to take. They th. owr

formed their interpretation of the required maneuvers.

f. The target vehicles used in all three subphases were t,,

tank, XM800 Scout, dad the XM808 TWISTER,

5. SUBPHAS1 liB ANALYSIS.

a. Ideally, the analysis of the JIB data would have consisted of
missile simuilations usinq the actual 1a nner tracking record, the yuriner
fi rinq times, and the tarnjet vehicl•e", recorded p:.,th. lowever, iwecdue of
the 1i ne--of-si ght interruptions, s ijrii i cant. difficulties weri etrcuo (t'red

early in the effort to dioitize the anal uj iunnonr error dtta from thi s sub-
phas,. In additionU , his effort woiiuld htive jiOclude(d d:lt0 q ap,; and AM';AA',
antitank miH ile imulation(, coo.ld not h,!ve hen u cited du;inni reak', ini In".
There fore, the decisioon w,, mde not to di'qitizf' the anrl2l d1o.n

b. Since the ml ", ile ; HU i i c(,ol ! n)t he po (torilt d, tin I 1

wnads , revised. I'hi, wvisn otfu'tl on liretý rinto

0 ( ) A li 0e-o ,.) -'111h t (I W,) Inaly I Y ; t c detl or i to t hi bt IhhjI t
disp ved in the di I xi i- i rw llt dil t, • f I , alt rL t O (: kirl th" to t

............ v



vehicle from the simulated Firing time to the projected impact time without
1l.sing LOS.

(2) An analysis of the velocities and accelerations of the target
vehicles to portray their performance in the field experiment, for potential
comparison against their projected capabilities.

(3) An analysis of maneuver, velocity/acceleration, and raw
tracking data to identify any observable correlations in that data.

6. CONCLUSIONS.

a. Line-of-Sight Analysis.

(1) A maneuvering target vehicle that utilizes terrain and vegeta-
tion characteristics has the capability to impose an appreciable number of
missile abort situations. The frequency and duration of target vehicle LOS
interruptions, density of the vegetation, and range from the t:rget to the
gunner are influential parameters in producing these missile abort situa-
tions.

(2) TOW gunners were best able to perceive the probability of
unobstructed line of sight at both the time of indicated firirg and at the
projected time of missile impact (LOS-LOS combination) in the firing and
impact sequence at ranges less than 1,600 meters. As the range increased,
Shillelagh gunners from both the M551 and M60A2 had the best perception
of the LOS--LOS probability when firing.

(3) It appeored that the XMMO" TWISTER was the target vehicle that
most successfully disrupted the LOS-LOS combination of the DRAGON and TOW
gunners firinJ and impact sequences. The Shi,lelagh gunners, from both the
M551 fnd M10A0 , had m,)re difficulty achieving the LOS--L-OS combination
a ga i ns t the XM800 Scout than a ga i ns t the other two t arq 1t vfh ceIf-

h 0. r jr'et Vol e c.!ci ties arnld A:cco I era t i ni .

(1) PT e po .•,,p,, -J vf I fd ra ,nd fro, wh i i a Jpii n er ot); erves, a
inn euv o i nil t11(ridt' t. ',y , nf • , f 1 ( fl t a F t I L ' the o uUn; o I tarje t 1o f1 . • 1 e--
"¾ en ted t()ij( I heuonoer.

(2) The I a gi , v vhi It' voe I h Id , i 0 1 Otd t 01I•oHS dii0tP, t raV d
(.• (r (' .. ~ lli' I i', r, i•,, f)e lower tha!i [10,01t ,he 0>I.e( ted conv,i eltriwri per-

lt tt(,r,•tr l ir di 1 Vilin ý, ,in t , ' i•r'unt l •fe hir I t i nn,''

SiV



(1) Under operational conditions and with the analysis techniques
used, target vehicle velocities and accelerations show little relationship
with large gunner errors.

(2) No maneuver appears to be any more significant at causinq
major errors in gunner tracking than any other maneuver. In fact, maneuver
alone cannot be considered as a cause for significant gunner error.

v i
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1. INTRODUCT ION.

d . a c r~Ou rid,

(1) In August 1973, interest was generated at Department of the
Army in the capability of a maneuvering tarcet to degrade the effectiveness
of US antitank guided missile (ATGM) systems. This interest was a result
of a limited number of live firings oi' inert ATGM against an evasive target
in the Tactical Effectiveness Testing of Antitank Missiles (TETAM) program.
The Combined Arms Combat Developments Activity (CACDA) bcca;ie the Training
and Doctrine Command (TRADOc) proponent of a test program; and in January
1974, a multiphased test, involving the efforts of CACDA, Army Materiel
Systems Analysis Activity (AMSAA), Combat Developments Experimentation
Command (COEC), and Missile Readiness Command (MIRCOM, formerly MICOM), was
approved. The test methodology integrated hybrid computer missile simula-
tions, field test data, -nd a knowledge of the ATGM systems and their
engagement, processes while allowing detailed investigation of various ATGM
engagement Wequences without the firing cf "live" missiles,

(2) A two-phased effort was initiated to consider the two basic
components of an ATGM system: the laun(.her-man system (or gunner input)
and the tracker-missile system (or missile input). The missile systems con-
sidered in the Antitank Missile Test (ATMT) study were tOE TOW, DRAGON, and
Shillelagh. Phase I of AITMT was completed in December 1974 and was pub-
lished as an Interim Note by AMSAA (reference 1). The Phas-? II analysis
was conducted bl. subphase. This report contains the summary of the analysis
tor Subphase liB and is unclassified. The summary of the analysis of the
remaining subphases iS being publ ished by AMSAA as a separate volume and is
classified SECRET.

h. Phone I si•Jiu, ry.

(I) The purpose of the Pha,ne I effort was to identify an array of
co(.ddidate Lafneuvern ho be u.,ed by the target vehicles in the Phase II field
testing. These rmineuvors, once identified, were ranked by theirr abilit y to
toIx missile r'msPonWc capabilitie% to the greatest degree.

(2) the _iyn i e ,tetes (onsi (.n rd in the studdy detect the mii;sile
,.ýplT( el entt off the, !ine of sight (LO'). Lrom these data corrective com-

mand sigrinals are grenerated to bri. vj the missile back to the LOS. The feed
forward commands proportional to the LOS rates are genera ted in the TOW and
Shi 1( ~lel a •ysitemr,0 t) provide the C oriolis 1 aterai accel eration component.

The feed forward (onimlInd required by ith missile systems to remain on the
1OS *WUld be he lu kiml comB itand required if the target were, traveling on a

cir(u I r' path of f(A nt Yra ,un it the tracker at a cons!p. t speed
rcSUltirAj in a01 P.. V', ni a. l taion of zer,; but i4hen that acceleration

z r( ht zero be' ( iv. f oh n 't arr(I a,_ l rdtion the sermsi tiv ity of: the error
loop mUi, ho -m tran cker to [10, ,licc lerafior deterni, nes the

,11.41 he ýml t:W I1' ;AinV Fm or In t O'Vf 'OArd' YIP:

1mm lin1 ,,ý Ii nntii1 s rvi bi lity of a c n ir et ty ..m,, hmev.r



accomplished by several methods, the simplest being to use the inherent
internal acceleration capability of the target vehicle. A second alterna-
tive is to arrange or vary the geometry of the course traveled by the
target vehicle so that a constant speed target has apparent acceleration
with respect to the missile tracker. The LOS may also be accelerated by a
combination of both internal vehicle acceleration and course geometry, This
combination more accurately represents the situation expected in a battle-
field environment, but since the acceleration capabilities of the types of
targets considered provided no significant advantage when compared to the
apparent acceleration resulting from the course geometry, the majority of
the maneuvers investigated considered the target velocity to be constant.
Specifically, nine types of maneuvers were investigated. They were as
follows:

o START

o STOP

o STOP/START

0 FAST TUPN

o S TURN

o SWERVE

o SERPENTINE

o RANDOM SERPENTINE

o ZIG ZAG

Complete descriptions and diagrams of the maneuver types are included in
appendix A. Each basic target maneuver was varied by range, target aspect
angle, velocity, and the timing of missile firing within each maneuver.

(4) To assess the capabilities of these maneuvers to degrade
-iii missile respon!siveness, AMSAA constructed analog computer simulations of
the three antitank missile systems that duplicated those simulations
developed by the prime contractor for each system (references 3, 4, 5, and
6). Because the ATGM systems are command-to-LOS, the miss distance for a
missile in terminal flight is a combination of the deviation of the missile
from the LOS (missile error) and the deviation of the LOS from the tarJeft.
(gunner error). To investigate the effect of the maneuvers on mi:jile
res pons venes ,, the gunner error was aýssumed to he zero . By (: ons , eri n
only perfect gunner tracking the LOS was always coincident wiIh the targoet

•ine, a n the missile error bec.ome the 1inis . distince. The 10, 1nyiir ra te
nhistory of the maneuvering target relative to the mriwsile tracker waý,
Coe tered into the simulations at, a forcinq functionl to es, '"bl ih mi s., i Ie
f ight profi i es . These flight profil-es r'e; ýe•' ent the mis,' i (le dovi, IJ. ,, ,
from the rrmovin og LOS als a funt.:tion of 1.im me ind are a mel ,oure of th ,

'-'



effectiveness of the maneuver in keeping the missile off the LOS and off the
target at projected impact. From the collected data the candidate maneuvers
were then ranked by their effectiveness, and those being most effective were
selected for use in the field trials (figure 1).

c. Phase II Purpose and Objectives.,

(1) Purpose. Determine the degradation of the TOW, DRAGON, and
Shillelagh ATGM system capabilities as a result of target maneuver.

(2) Objectives.

(a) Obtain data to determine if ATGM can track targets that
are executing maneuvers thought to be limiting to the technical capabilities
of the TOW, DRAGON, and Shillelagh systems.

(h) Obtain aiming error data to determine if tanks with con-ventional weapons systems can engage the same type of maneuvering targets.

(c) Provide data that may be used to:

1. Develop product improvements for existing antitank
conventional and guided missile systems.

2. Develop follow-on requirements for antitank systems.

3. Improve antitank and armor crew programs for training.

4. Assist in improving existing combat simulation models.

5. Evaluate effects of target vehicle mobility on gunner
tracking performance.

2. EXPERIMENTATION DESIGN DESCRIPTION.

a. The Fil *,Pert. The fiel1 test was conducted by CDEC at F)rt Hunter
li get t , (lliifon du~rinrg October-December 1975 in three subpphases. The
subphaes orreinrdped to the amount of experimental control exercised over
the target maneuver and were a,) follows

(1) Subphose IIA w=s designed to evaluate gunner tracking when
target vehicles per formed exact imitations of the mathematically generated
maneuver% q.el etrdi for field testing in Phase I. Each path was visually
marked fur drinvv of the tarqet vehicles. Vehicle paths cons isted of from
two to four fan(,nv,,or, TIuF ted by 50- eter straight stabi ization 5e(Jments
At no tWeun w•v. line At UI hi t h;roken between the. weapon Ny temn and the
targ et v hicl,':.

V, I• t I w i. t, i ih t) I gw, r o•p " i ! I y or 1 v ien) I rd p p r oac h t o
YV, Iu, t ri H .V I rPWVWin. D)v iV ot the Large, vehib len were in o
freppo mw, p wh~h alw Wi to utiitizu turraii and r0vor' to break

s'Vc
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line of sight while traversing the required terrain. Gunners indicated
times at which they felt weapons should be fired.

(3) Subphase IIC employed the three maneuvers from Subphase IIA:
the swerve, fast turn, and random serpentine. As in Subphase IIA, con-
tinuous line of sight was maintained and 50-meter straight stabilization
segments between maneuvers were used. However, drivers were told the
sequence of maneuvers to execute and the avenue of approach to take. They
then performed their interpretation of the required maneuvers.

(4) Hereafter in this report, the subphases are referred to only
as IIA, IIB, and IIC.

b. Design Variables.

(1) Controlled variables.

(a) Width of maneuver path for iIA.

(b) Fifty-meter stabilization segment between maneuvers for
hIA and IIC.

(c) Gunner skill level.

(d) Gunner fatigue.

(e) Target vehicle and driver performance.

(2) Uncontrolled variables.

(a) Meteorological conditions.

(b) Mechanical ralifuctions.

(c) Terrain.

(3) Ifndepienden( t viriabl( v .

(a) Antitank weapon;., ,ystems: the DRAGON, TOW, Shillelagh
mounted on both the M551 anrd the( M(O()A, and the M6OAI main rjun.

(h) Raiwe band,.

( ti i rpJtt. vehi ul t- M,()(/\] tank, XAM ()0 (,(.out, and YfIM -i

I W STT:I

( 1 ) { ),' II(If 1 Vt I) U,• i~ :.

((! i;I•I~l 'r I ['| ( lLi •(•r



(b) Gunner firing events.

(c) UTM coordinates of target vehicle.

(d) Line-of-sight events.

(e) Target vehicle elevation.

c. Instrumentation and Data Collection.

(1) Data collected during each of the subphases included the
following:

(a) The x and Y coordinates of the target vehicle were col-
lected at approximately 0.1 second intervals. Values were measured by a
Range Measuring System (RMS), which determined the range of the maneuvering
elements from known survey points and fed the data into a computer for
position location calculations. The computer compared ranging data to the
predicted location, based on previous pollings, to filter bad sensings.
When polled data varied significantly from predicted locations, diagnostic
messages were produced to permit invalidation. The nominal accuracy of this
system is ± 5 meters,. The RMS consisted of four cooperative elements. The
A-stations interrogated the B-units (transponders) for messages and deter-
mined the slant ranges as a function of propagation time, One 3-unit was
mounted on each target vehicle. The C-station was the controlling element
that determined what transmissions would take place and formated the data
into and out of the XFS930 computer. The D-station was a relay link between
the C--stations and A-stations.

(b) Since no missiles were fired during the expert,, therc
were no missile sources to detect; therefore, to measure the , t"cking
error, the missile guidance system for each weapon system ww, -pd. The
missile tracker recorded the displacement of the gunner' i junt from
the infrared source mounted on each target vehicle. Be-•t, :.he infrared
source was not collocated with the ideal aim point, corrections to the
recorded dis placement were requ ired to eliminate this bias following the
experiment. Data collection was accomplished with a mnodified Shillelagh
trainer beacon detectAble by antitank missile system trackers out to ranges
beyond 3,000 meters. A two- position switch permitted ra pid c(hanug , from
frequencies detectab le by the Shi llel g(Jh sys tem to those dettec table by TOW
and DRAGON sytems.

(c) Administrative control data, such as trial identification,
maneuver e•vntq, and start an•fi Stop t lmes, were c:ollected. This was
accomplished by a v(W n reco rdi n y te V 11), I I o) lf-ront ai n"I
recordingn , timing, and pl aybat k facil t iity mnted i , da c imlt ir.a I !iL on-
trolled ,;:mit.rail,,'. fhi<, hv, trm pri pr th, Lapali!I ty of rvi vi'inr up to
48 volice data chdnMlIl on eight -(haiiniel tape rcorders. Ito <.vent, h

channel on each tape de .ck ' c lel rliterro !<ji Mrtruier ti t ion Group ( 81 (.

time, Format B. -h, t imne hane "an, iniput Krae,: a rinje luiinq ,Qs < tenm (p1i),
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synchronized with Radio Station WWB at Boulder, Colorado whch radiates,
IRIG-13 time throughout Fort Hunter Liggett.

(d) Calibration data needed to convert the gunner tracking
error signal to angular error from the specified a-ip, point waýs also
obtained. These data consisted of readings taken at zero and plus and minus
one mil deviations from the aimr point.

(2) All data were time-tagged so that correlation of data could be
made on a time basis. Additional data collected for U.B included times at
which simulated firings occurred and times at which line of sight was
interrupted, partially interrupted, and regained. This was accomplished
by the VRS III and by locating a B3-unit at the antitank weapon systems
position and feeding all firing event data into that unit. After all data
were collected, elevations corresponding -to the X,Y coordinates of the
target vehicles were obtained by cubic spline interpolation from aerial
survey data for 10-meter grids.

(3) A m,,ore detailed and complete description of the field test
procedures ic a va ilablhe in the field test fi nalI report publiished by CDFC
(reference 1).

3. SJUBPHAISE IIB OV.FRVIEW.

a. Backgýkround. Subphase ]JIB was designed to gather data Lnder con--
ditions similar t~o a tactical situarion. Gunners were required to track an
evasive target under intermittenit LA)S (onditions arid to indicate times at-
which they felt weapons should be fired. I-ach target vehicle driver was
directed to fol low a general avenue of approaich but was all owed to ma~neuver
freely and make maximum use of terrain. The only except ion was1 that each
driver was) instructed to break r.OS at le-ast once during each trial for o
III i n1imr IIU1t time, period of 15 seconds . One-quarter of the trialis wieve starte_ýd
wi th tho target vehicle out of LOS. It was hoped that data coillected under
sujch operat orial condi tions night yield additional insi ght-, i nto tho. inti -
tank mi ssi 1e engageoment process.

(1 ) Table 1 dislplays the Suhpha-le 111i experimentatl desijri and the
niumber of' v a ii tri a 1. comnple ted in rcicch cell . Note that the samt e we~i non
syst em; an1d or got. vehic1(es, are core;-i dered as in Suhp~has e I IA a nOd I IC.
However, th h (1 I r ninje ard were coil aps;ed byV comb in itn r'a aehaK rId1 and
?' and r~tfiqn it~~id 4. Trial sets then (1ofl5, Sttd 01 tcaiv(v-YJn j~ tterrain
rcrre,,pon'1 nj to expanded rainge llmitsý. The new rainge limit', were
'00 to , tl() mneter- for range hanids 1 and 2and 1 ,600 it) X00t~ meters, tor-

n-a M j haf ý n 3 'nd 1.

I . 1 5) <t (11i I i10 ,fir or] which al I II IP trial 'I, wurr'
iefr Iurn t iwr. 4t lod 1P 1(ii th' ripprox hlmitii inn(I I ion' o 1,11f

The taro(t1 v hiý If-, : nurd inl (I t o l l i i )1 tow,ir thte



Table 1. Subphase IIB vwlid trials

Weapon Range Target Vehicle
Systemr Band --S M6OAl XM800 Twister

1-2 26 16 9
DRAGON -- - -

3-4 NA NA NA

I t 37 20 15

M6OAl -.......-..

3-4 36 33 15

1-2 31 20 16
TOW

3-4 32 33

1?-2?. 15
M60A2

3-4 28 A 4

1-2 20 15 6

3-4 20 23 4
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weapon positions. Figure .3 displays the terr-in as viewed from a TOW ATGM
location at position A. The view from a TOW ATGM site at position B is
portrayed in figure 4. The grid squares in both figures 3 :-nd 4 are 50
meters each. Note that the elevation is exaggerated by a factor of 3.

b. Data Collection.

(1) Data regarding the target vehicle position-location, gunner
tracking, and basic administration of the trial were collected as in
Subphases IIA and 1iC; but because 118 required the recording of gunner,
firing times and information concerning the intervisibility between weapon
and target, additional data collection procedures were specified.

(a) Changes in LOS conditions were recorded by controllers,
collocated with the ATGM systems, by generating a signal to the RMS B-units.
Recorded signals indicated "no line of sight" (NLOS) when the vehicle was
totally obstructed from view, 'intermittent line of s.ight" or "intermittent
vegetation': (IV) when the view of the vehicle was partially ob'structed
because of vegetation or terra'n, and "line of sight" (LJO,')i when the vehicle
"was in unobstructed view.

(b) For the collection of firing data, the weapon systems'
firing switches were wired directly to the RMS. Thus, when a gunner
squeezed the trigger, a fire event was automatically recorded.

(2) Ideally, the anaiysis of the 1ib data would cons>ist of r.:ssile
simulations using the actual gunner tracking record, the gunner firic',(; times,
and the target vehicle's recorded path. Such arn analysis would yi> • rn
operational probability of hit subject only to the limited ahil .
generalize imposed by the specific terrain and tactical situ, : ' ."
a dilemma occurred in defininu the tracking records of gunr• P if
the line-of-sight irterruptions in I 1b, significant (fit Ifi( , ,,
encountered early in the effort to digitize the analogI '•:- t • iiti
from this subphase. Larg1e variations in the recordin} ' ; . J,-P• I ,i a)lw
at the beginning and end of line-of-; ight se ]rnents amon) jI tller<; in the
same trial were ma ' or nrohlr ii. ( Since the tracking signal rill o, ,n thte
anti tank m issile guidance ovystin , rather than the qunner", o) ti my

, • 7 causes kcould he hypot het)iztd for i,uch i n s ;rW,_i, tef' ies in 1 the a"1 f11 I ror l
one gunner to another. In the proct.-e>s, of' iacqui ring i ti i-t , 1e
following a break in line of' ,.,(Iht , the 'tinner ildty hive heaid .ho at ,icl in
UP<tCal Ilne of s ht )r'iY to haV i he irqet withil ,i , I ,t , ac
tracker ; y-s t e(i. Conve('rse I y, t h1 U i n (t r lml htavet been ret t, ] v ifi (I en r'' iia

froIui the beacon- tract kinog <ys tem prnior to . illeit t lly _perce ivih !1 t h te l n

vehicle w si,- back in line of sight. ')(I,, h ilitori ,i-i tern( iet-, ind the irniilfily
to dl st I o ui •h m, fl 1ong t he 1 1 i o r i , .y1 .e I t i ,1 t11t : l e '-1 t .t,.ha F1 It' • , '1,1 t inl
AMSAA s u se in the antit-ank 'ils'sile 'iimi1ati (iois whel II, W,
t) e. t :cn ca n ofllot . .)., to l'tt. r (d , ( i n' i' t Ia 1 i 11 I ' it t;tl t I ,t tti, 1 l ','i. t .

W i tihoii t. t con t i o out , iitin tria [r' ir i 1tIilt tho < ititil I i (m t 1 tt.,
IFor th s r ' is, IT' l; b) tt, i ! t', writ w,,t Ii rl • 'Al r(I ; . i, tu, • t i n

Srlo) t toc d 1,1i t ;' ,i '11 o,1o l < •f t l i h 1ý1ý
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4. RESULTS OF ANALYSIS,

a. Areas Analyzed. Since the missile simulations could riot be per*
formed because of the problems enCOUntered with the tracking data, the IIB
analysis was revised. This revision focused on three main efforts:

(1) An LOS analysis to determine the probability, displayed in the
field experiment data, of successfully tracking the target vehicle from the

* ~simulated firing time to the projec.ted impact time wi thout losing LOS.

(2) An analysis of the velocities and accelerations of the target
* vehicle,, to portray their performance in the field experiment., for potential

comparison against their projected capabilities.

(3) An analysis of maneuver, valocity/acceleration, and raw
tracking data to identify any possible observable correlations in that data.

b. Line-of-Siqht An~alysis An analysis to deterni~ne the rate of
missile abortFs due to interruptions in LOS was performned. This was achieved
by combining the LOS data reported by the controllers with gunner firing
timnes and mathematically pirojecting missile flight timies to obtain the
number of missile aborts, This analysis indicates the probability for
missile aborts for tacll`ýal situations and terrain that are similar to thýý
test conditions. In addition, the results are used to accs.?ss any possible
weaknesses in gunner' training and/or weapon system hardware-,.

(1) Methodology and resul ts.

(a) Each time a missile firing event was simulated, a check
was made to determine what LOS condition existed between the- target vehicle
and gunner at that moment. The existing LOS condition was recorded for
further use. Possible LMS cond'itions at the firing time consisted o- 'line
of sight (LOS) and intermittent vegetation (IV). Any firings occurring when
the controller reported no line of sight (NLOS) were deleted frumn the raw
data, al though tl i s event occurred only once in 1 ,946 ATGM fiiirings.

Mb The estimated time of flight (TOF) for the anti tank
mis silen to reach the target wias com110puted Llt ii Zi ri i nformati or concerninrg
the range of the taroet vehicle at fir-ing, t~he rate at which thei mi ss-iie
travel:-, and the target vhiI.srate toward the weapon systemn. The range
at the firing time was interpolated Iiinearly I'ol range data gJene'rated every
5 seconds throughout the trial from the position-'location data. The speed
of the missile was, deterwi ned from basic weapon system data proviided by
AMSAA . The veoh i cle.', rate t wsi rd thc, wea pun sys ,t em was es;titiflc t fr Iom the
di taric e the veohicle 1ot.raveled duri ng th.02 ti me rriqu i co for a m ~ss i Ie to
r~ear.h t he veohi cle a L the es ti mafed range at t .ne fi r in( I i Inc. Us ring a
protmdr1ww vers I oli )!` i-he dl oebrajkc 1oji diplaeyed ilt fi gure ,the MI cr
est ' ". I lt o (I ImIIe p rojec t.~ ed iIlia c f c' t ii '- W- d toterilli Ivi. od a d ir ig T1 1 I Co CF I

ef i r
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s distance
Target Gunner

S-X x

s distance between gurner and target at start of missile. flight
(estimated from 5-second RMS data)

r rate of missile (estimated from polynomial curve fitted to data with
rate as a function of distance)

rI = rate of vehicle (estimated from di.stance traveled during missile
flight time to maximum range)

x= range to point of impact

NOTE: distance = rate x time, and t 1  t 2 , assuming acceleration 0.

Hence: dI/rI= d2 /r 2

Specifically: d1 = s - x

d2  x

(s - x)/r 1 = x/r 2

r,)s

Estimate time of flight from x:

TOF x/r 9

Figure 5 Alg er ic !o~jicfor inissile tirne of flight estiw;• !on

PAPC



(c) Once the projected -impact times were estim-(ated * a record
was made of the LOS condition cxistiJng between the gunner and target vehicle
for each projected irripact time. Possible LOS conditions we~re LOS, TV, and
NLOS. Combining the LOS conditions at. missile firing and imoact yielded
six possfble combinations of intervisibility. These are (1) LOS-LOS, (2)
LOS-IV, (3) LOS-MWLS, (4) TV-LOS, (5) IV-.IV, and (6) IV-NLOS. The frequency
that each combination occurred was tabulated for, total f-irings. In addition,
categorizations by weýapon s;ystem, range band, target vehicle, and combina-
tions of these vera, assembled. rables 2 and 3 display the number and per..
centages of intervisibility comb nations occurring across all IB tials
and occurring by weapon system, respectively. Tables of the number of
occurrences for other groupings are found in appendix B.

(d) For each trial the amount of time spent by the target
vehicles in each LOS condition, LOS, IV, and NLOS, was determined. Based
on the individual trial informnati~on, total time spent in each LOS condition
was suriined across trials. So tha.., this information might be more iLsefiil,
the amounts of timp were changed tepercentages of total time. Thus, the
time spent in different LOS cone~itioari could be compared with the percentage
of simulated missile firings occ~irrin.,: w, or nbi firia~g and impact LOS~ con-
dition. Arrays corresponding to those f(,r Jia wiz&siie LOS firing and impact
combination,, were assembied. Tables 4 and 5 display the percentage of time
spent by the tar-get vehicles in edch LOS coi-dition and in each LOS condition
'Isolated by weapon system, respectively. Other categories of LOS percentages
are found in appendix C.

(a) Since the frequency of intervisibil ity combinations at-
ATGM firings and impacts may depend on the time spent in each LOS condition,
a ratio aralysis was undertaken to identify relatiooishlips between any
independent variables and the LOS combinations. The three variables con-
sidered were. weapon systems, range hands, and target vehicles. From the
data directly and indirectly conta ined in the tables -in appendixes 3 and C,
two ratios were formed. These ratios may be considered as con-ditionial
pr obabil i ties. I t i ý necessary to note that while these two rati o! are
useful for, makil!g comparisons with in this subphase, they have no sign ificant
use touts~d o I f ATM`T.

I1. he first was; detkermined by a comparison, as a
qluoti ent , of the probatbility of the LOS--LOS i ntervi si bill ty c:ombination
With thek probability of' LOS occurri ng during the target vehicle maneuver,

'The LOS-. LOS in te y'qisib ~ility combi nation refers to the avai labil ity of LOS
from the ( junner'. posit.ion to targjwt at both tri gger pull for the, A'TGM
and at: the pro jec:ted time oft fiissile imp~act,. An impici(it aslurmption is-,

h '.. LIýS wos v Ii r; f, i i oaed t hroughou I, nIJ - e fIi i g ht when -in LOS- LO; c otiib i n a
tiot on(ccoWred, yhi1icl h ratio is expressýed as,



Table 2. The number and percentage of LOS fire and impact inter-
visibility combinations occurring across all Subphase 1IB
trials

LOS Number of
Condition Occurrences Percentage

LOS - LOS 1601 82.31

LOS - IV 94 4.83

LOS - NLOS 85 4.37

IV - LOS 40 2.06

"IV - IV 114 5.86

IV - NLOS 11 .57
_ _ -A L , 100. -0---.

TOTAL 1945 1031) 0
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Table 4. The percentage of total trial time spent by the target
vehicles in each LOS condition across all Subphase IIB
trials

Percentage
LOS Condition of Time

LOS 61.64

IV 18.40

ULOS 19.96

TOrAL 1OO. O0

1 8•



Table 5. The percentage of total trial time spent by the target
vehicles in each LOS condition as observed by each weapon
system

S I Weapon System
LOS [_____ -

Condi tion
DRAGON TOW M551 M60A2

LOS 69.30 65.94 55374 56.29

IV 16.41 16.33 19.62 21.52

NLOS 14.29 17.73 24.64 22.19

TOIAL 100.00 100.00 1 O0.0 0 100.00

II



This measure yields the relative number of missiles potentially completing
their flight to the tar-get area per percertage unit of target vehicle LOS
tine existing during a maneuver. Hereafter, this ratio is referred to as
the missile comp~etion ratio (R C).

2. The second ratio represents the quotient of the sum
of the probabilities for the LOS-NLOS and IV-NLOS intervisibility combina-
tions compared with the probability of NLOS.

R . rob LOS-NLOS) + Prob (JV-NLOS) (4.2)a Prob (NLOS) Y

This ratio exprcosses the relative number of probable missile aborts per
percentage unit of target vehicle NLOS time existing. A missile abort
was considered to have occurred when the target vehicle could not be seen
at the projected 'time of missile impact. Hereafter, this ratio is referred
to as the missile abort ratio (R a).

(b) When the differencýes in the size and pattern of these
ratios across the different combinations of independent variables are
examined, three results are visually evident,

1. The target vehicle used has no significant effect on
either ratio.

2. The value of the missile abort ratio 4ncre&ases when
going from ",ange bands I and 2 to range bands 3 ane, 4. As range increases,
there is e corresponding TOF increase for each missile. ardi, thus, an
increase in Prob (LOS-~NLOS) and Prob (IV-NLOS) corobirations. C (n.r,,;u ly1:,1
more missile abovts occur dt long range than at short rangje.

3. When the missile completi on ratio for nýi ýi miepun
system is considered, the ratio decreases from a higjh for- t.ile ',4ii11 el aqi~
(Mi60A2) to the Shill1el agh (14551 ) to the TOW to a l ow for the tMRA`GQN. 'fhi%
seeinis to Indicate that the relative effectiveness of 'ILy~nq at missill to
the target area is greatest for the M6OA21 sys .em and lowest for 0-If- IPAUN,O
although no definite cause has been identified for this result. L~dIIIi rid -

ti on of both nlumerator% and denomri na tors of thc!se rat.io'; rfevelak HtO (:0!-
si stent trends , but tne order and magniitude di ft erenc(es el1 the Ye-U'Ll(ti rIrj
ratios are cinsi stent throughout the comnbi nations of i ndependerlt van aidbe',
it `s pos sibl1e that an undetermi ned b)ias was pres ent i n ci t.her :hr e I' tJ1
or the data co11ccti on pr'oces s This is Sci)cei vahl e becaseis t:( Yl ½ ii i vIa )
systems (M60A2 and M551) were tested in on-9 ý;t of tria~ls and the TOW dr)ci
DRAGON sys tems were tes ted Iin arother trial setI t. 0er PSs ex p anao-
ti ons for the R d ifferences may inclUde guniner train i nj, dii ferenh.ý- in1(
the field (of viEw attoig teAIM )yf~fem,, a ofll tlit i iIfnh'v
-till unde fi ned parametes

(~c) It 0i db oedi Ii at, iu-k t I I U
probahi it y thait _. L , m101 iIIe th ulý,oij I 1ýýJ .ýi01 ~ t~

in tierv is si i 1 i tY r J I r w I 1(1- .(def I h, r M I'l,100 I



invol\es the frequency and duration of LOS needed to detect a maneuvering
target and start the engagement processes. Data to consider this problem
are not available from ikTMT, but it was considered previously 4n the TETAM
report (reference 8). The probability that an antitank missile destroys an
opposing target can be thought of as a series of several conditional proba-
bilities. One formulation of such a series is as follows:

P(K) = P(D) P(AiD) • P(T/A) - P(LOS/T) P(H/LOS) P(K/H)

Where: P(K) is probability of kill

P(D) is probability of detection

P(A/D) is probability of acquisition, given detection

P(T/A) is probability of trigger pull, given acquisition

P(LOS/T) is probabiliLy of '.OS until the missile reaches the
target, given trigger pull

P(H/LOS) is probability of hit, given LOS during missile flight

P(K/H) is probability of kill, given a hit.

In the ATMT analysis provided here, only P(LOS/T) is determined and then
only for one specific set of terrain. It becomes obvioi.s that the proba-
bility of kill is dependent on several important conditions and if any one
condition has a low probability tne chance for a target kill is seriously
de(j raded.

(d) Based on the (iota coIlected in TETAM, J•hnsrud and
S khedowski referen(.e 9) computed th. probability of TOW and DRAGON missile
Sthi r t, du r rig mr s ; i sle fl i ghit tiflle dU0e to terrai n and veqetati on maskin(I.
1!y fit. tinq the JT! AM ',vyment lr.ngth di,;tribution,, to an exponential form,
they wore ,Ible to compute the probability that an occurring &(Jlmer ni l .qth
would ex-ceed a given lenyth. U'[sinn informatlx on from "u,.:h dis tt-il)ut ioH,
wi h ptlrameter-s t•nique to the tlerrain cons<i dered (i.e., ranqe to targ(,
•1 e,,, ,, vel oc i ty, rind a ttackfr (to ret) Velocinty)) they compuit.ed thA1-
pr-oiole percentage of missile aborts occurring during missile fli iht.
S',.1 :.e I[TAM c;itc A at Fort Hunter [.1iggett and the ATMT trriol area o arly

Sirl( c1e,(, it i, aiqpropri,ate to COmlpare the abort. probob, eillt i (.) ar.ined
Ai; ATMT wi th the s ta,ti £ttical ly derived p)rob)abil i ties o)f ,Johnfnsr'ud ,rid

,hedowtiPj. [he two methods show fairly glood! agreement; ['owever, there h a
tendere(y for the ATMI abort vol ue" to be <Ji (I).y lower. Thi's miqht be
it(, 'it ,a d to the ,,hility of the (junrer- U in T o Oilti1 [i , r ( th I

t(I ,? irel r' t atf' t in f rain fi r nj e j b v ils ibo"t ;1 toation, ,)r t tail th.
1ijtlItl, i Iiterent I ,1 1i 0 t fo ir Pj otr', arid thei a ,ppr'OM.o ,t he.

t aIrpwt V eP I It



(a) Based on the information contained in; tables 2 and 3 and
in appendix D3, the relative frequency of an ATGM gunne,.' having line of
sight from the time a missile firing was recorded until the projected time
of impact at thE' range of the target vehicle varied from a low of 64.70
percent for trials involving the TOW ATGM against11 the XM808 TWISTER in
range bands 3 and 4 to a high of 95.45 percent for Shillelagh (M60A2)
trials against the TWISTER in range bands 1 and 2.

k(b) The relative amount of time the target vehiclos spent in
LOS with respect to each group of ATGM positions varied from a low of
49.47 percent for the TWISTER in range bands 3 and 4 as viewed from the TO;W
positions to a high of 71 .26 percent for the- XM800 Scout in range hands I
and 2 as viewed from both the TOW and DRAGON positions.

(c) An increase in the number of expected missile aborts
because of changes in LOS conditions was evident as the range to the target
,vehicles increased. This was expected because as the ran-je increased, fOF
of the missiles increased; hence, there was a greater likalihood that the
ATGM gunners would not be able to anti ci pate projected LOS) chaines at the
time of missile firing,

(d) Although no confirmed explanation can be given, the
relative effectiveness of the weapon systems in completing missi le fl ight,"
per unit of time were, in descending order: the Shillelagh (Mý9A?,),
Shillelagh (M551). TOW, and DRAGON.

c. Target !ehicle Velocities and Accelerations. From the data (,ol-
lected by the range measuring system (RMS1Y, it" _is _possjble to es.t sethe
velocitie:>, and a':cel er *ions for the tat-get vehicl en. Suich Jt:la -- v( I,
indicants of tie- maneuverabi lity of the tarqlet vehicles. Si r to

obtained data (came from a test where drivers were, tom I(i Ini nein
realistically at the maximum safe, speed on a: tuea 1 terran,il " . ! eldt
capabilities of the targ-'t vehicle,, may he interred fromnt!
obtai ned.

(1 ) Methodology and resuil t-

(a ) For each t'rial perf forimet i fe I I k t h(' vt) .'ý I to If, Ir111-I tn
veolci11ty and acct] erat~iott, asIý Well a (t" Zer~t~re~ Itho tj'

vehicle1 were comnputedti U' rtt the, UTT'1 cnordina( 00" y tonil Vhr vilf' were'
o ht a i r t, d by ave raI Irv nt Il' t t (", oft t he( a j'ro 1)1'i atd td a t Petrflet' hl tj]hoil
eac ( ti ti 1 a 1 L t W, W - 'P we ) ntta noI Id Af i at aprio X t ti wit 1 tttt t OtI-Vo I

F tttr ,the raiw da~ilr contailled i nherent I ',titjt' 'tt ()I ll il rýlý ,t 1t t 1' hi
prc~ o was IWo esoa I) oht ta ittO tl f- iitt f I Y i lt0 w it h) 1 .,C I o ld



provided irfurmin-*en concerning the miotion of the target vehicle toward the
qu-neoP and the rrn ilJning motion the gunner Would perceive in the Xz-plane.

(b) The ý-fsults obtained must be evaluated in view of one
overriding connition. Eacý driver was told to rema';n out of LOS for a
minimum of 15 contiirious seconds in each trial. In many cases, the driver
simply found a position he know was not in LOS and stopped his vehicle.
Because the effects of decelerating and accelerating from such stops could
not be removed from 'the data, estimates obtained immediately preceding,
during, and following such stops were included in the averages. In view
of this, the results presented in tables 7 throujgh 13 may be considered
slightly low for a target vehicle that Would be in continLous motion.
Future test designs should preclude occurrences of this ni~ture. However,
in no trial did 15 seconds exceed 10 percent of the trial time reflecting
vehicle motion.

(c) Tables 6 and 7 present the means and standard deviations
of tne resultants an-IL components in the UTM coordina'19 s~sten1. Note that
for velocity I meter per second equals 2.237 miles per hcur and for
d~ccl erati on 1 gravi tati onal unit equals 9.806 mneters per second squared.
In tables 6 through 13 the averages and -standard di-viat-ions reflect that
the estimates at each point were wei ghted equally across trials.

(d) Tables P8 and 9 indlicate the average velocities and]
accci -a ti ons rotated so that th-e y- axis serves as the gJunner- target 'line.
1Thus,, tne y-compuonent, in table 8 refl ects the average speed at which the
target wohicl (ý approaching the gjunner. Di srega rdtiog the c;hange in size
of' targy-et 'ýehm ( Ic as- it approachesý the gunner,* the xz- velocity andI accel era--
t. (on -es,'ul int. indi cAte bo0th the targeit motion the gimener Inns t Thdji t. to
arid itsý rato of' change.

(e ) ibs1(0 throuliq 13 present the average a~nguilar rate and
irio i a e1 ' i IWi for thle two itIlilO( hanldk of 1111. Coripa ri 'oi of' t.he

tVlv 0P" Mr . idi (-i w p i i I Ill t i ah nJirl(lr d(1iiV if~ionl, ojerol t rate how t11he

P 11 i I wo 1  i I i pfl0 111o m0'..plle p1 ri~cive 0 I d i. L0lo0 for ill ht alimini f

I)( I tL I In I. a i I a )1 proa I(' wk i o po

(,I A o''t I, till(1 1 vel' e % 'Ind ai rel r'at i r 1 :1 d ta' i ndi (-t
t tI it h i k 14 11 1 i I, I ~ 11e 1WIsit 'e-v V; 1jl t h I Ii (Ifh~ \eIo0 i t y a11 T 1 d ii I

i ma n sI nu p i th.1 vi V olnit y. 1f h's ut a d MOM(I, tell1o1O'tl in

I"l-- ora th Ji(ii

jwr Ij' ho11 lhte ýWIif P IpohI.111 F it t inn. nr1)n p

it t lt 1, ýhov lil' IW~il , 1~i,'1W W



~~\i C~i . ) (Jul

c LA t". 1- - L" C'\,~
CL CNO C) ( CxD r-J II- (

4-j

4-1

L) c o ' n U1 oL

4-)

a)~r, k.A0)

0'

j o

10 11

'xi A LA ~ 1- C) CJ 'I

JC) CL



4-1

4~3

-u(A I hc
I_0 ~ 00 CDCJ

C)

UU

o QC e

wL

WACj ai



4-),

030

040

c mt~ c..s, 10 CDCD LO C

w lrco cn CD C O I--
t-.~ ooa r -4ý

04 U, 4.) =

4-)

4rJ ~ ~ ~ ~ CCo)m 03 z
to L co Lo r '

4--.

ro L C) LO kr -

040

*r1r

U) JLJ



aC.

c C) 0~ l 1-0 C) '4 )

0. C) t-. LD -- C c o

2n 0

-4-j

('4j

0)~C - ) a

4-)

4 C1 C') CO C (4 0

k*D u
k0CC

C) IT



Table 10,, Target vehicle angular veh~city in range bands and
2: means and standard deviations

Type of ftwftF - . . . . ..
. .Points Azimuth Elevation

-. 566 -. 071
M60A I 60 ,615 (4.151) (.4 114)

-. 621 .095
Scout 20,814 (5.334) (.4n8)

--. 671 -2123TWISTER 10,897 (5,271) (,481)

"..At~. difl ... S~l. tiaSn 4,59 -- 's. a a., .tO 4~A . d3.

Overall 92,326 (4. 583) (.440)

...... . , . ....



Table 11. Target vehicle angular acceleration in range bands
1 and 2: means and standard deviations

Vehicle Number Acceleration (mils/sec

Type of
Pnints Azimuth Elevation

I ..T4 .002.-. 0,04 .002

M6OAI 60,61-1 (1.160) (.220)

.021 .001
Scout 20,814 (1.938) (.319)

.027 .002

0 (,5 002
Ov*ral42,' .192,3 2.... , 2

(1 5 3 (.258



Table 12. Target vehicle angular velocity in range bands 3 and
4: means and standard deviations

Vehicle Number Velocity (mils/set)
Type of

Points Azimuth Elevation

-.253 -.044
M6OAI 72,331 (1 348) (. 102)

.340 -. 050
Scout 46,133 (1.479) 109

.294 .056
TWISTER 13,760 (1 .499) (. 110)

--. 288 -. 047
Overall 132,224 (I 41) j (.105),

j~0

3I>
I- - -



Table 13. Target vehicle angular accelerations in range bands 3
and 4: means and standard deviations

Vehicle Number jAcceleration (mils/sec 2
Type j of _ _. . ....

Points Azimuth Elevation

1 .002 j 000
M6OAI 72,323 (.403) (.061)

1.002 .000
Scout 46,122 (.571 (.059)

1-.001 .000
TWISTER 13,750 (.650) (.061)

.002 .000
Overall 1 ,I95 (.97) (060)

-- 11



(c) Again, based on the means, the average acceleration ranges
from 0.09g for the M6OAl to 0.15g for the TWISTER. Utilizing 2.5 standard
deviations above the mean to estimate maximum accelerations, the values
range from 0.25g for the M6OAl to about O.5g for the TWISTER.

d. Relationship of Maximum Gunner Error with Target Vehicle Motion.
By considering the data available concerning target vehicle paths,
velocities, and accelerations and the data available describing gunner
errors, the Subphase 118 data were examined for detectable relationships
among relevant gunner error variables and target vehicle variables. Since
the gunner error data from this subphase were not digitized, the resulting
analysis was severely limited in scope. However, any relationships
identified could point out needs for further testing and/or more detailed
and sophisticated analysis. In addition, if predominant relationships are
displayed in the data, such relationships might become the basis for
operational reconwlehdations to target vehicle drivers and their training
process and/or to ATGM gunners and their training process.

(1) Methodology and results.

(a) Although the gunner tracking data for this subphase were
not digitized, the strip charts of gunner tracking performance were
available for analysis. Figure 6 displays a portion of a typical ATMT
strip chart. The lowest band records time in Interrange Instrumentation
Group (IRIG) format, and the upper bands (two per gunner) record azimuth
and elevation error for each of the possible gunners. For a sample of
trials nd for each LOS segment within these trials, the time to the
nearest 0.5 second, the maximum azimuth error, and the maximum elevation
error occurring for each gunner were determined manually from the strip
charts. Except for the cells with the TWISTER against the M60A?/!51.l where
only two and one trial sets were available, the sample was constru, ted by
picking three trial sets per design cell (table 14). Thus, qjurier error
maximums from 33 trial sets were examined. This resulted in I ,1i;J sample
values for maximum azimuth error and 1,073 sample values for maximum eleva-
tfion error. Table 15 presents descriptive statistics regardinq the sample
of observed maximum errors and their absolute values.

(b) Using time-correlated p!ots of vehicle maneuver and the
times at which the maximum errors were observed, the vehicle maneuvers
occurring approximately 0 to 3 and 0 to 1? seconds prior to maximum error
were classified according to an alphanumeric scheme. This scheme consisted
of an alphabetic character indicating the ceneral type of maneuver follc,.wed
by a numeric character indicating the aspect of this maneuver to the qunner's
position, Details of this scheme are displayed in figure 7. The frequency
of occurrence for each type of maneuver displayed is depicted in tlble 1,5.
The surprising statistic from this table is the freouenc':' with whi()h
maximum errors were oblAerved when t he ar'get vehic le Wt ,- Irfv in( dirr. V I y
toward the gunner.

(c ) In aIddition to viewinj time--.wr,,,li|eI plu,,i to t u
vehicl e mov -mlent , the vel0 t io( , t aC.; cuit i ui 1r I he ir•, Ompll:,r nt w(ýi e

-~-~*------.-**'~--~ -
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Table 14. Phase IIB design matrix

DRAGON/TOW/M60AI M60A2/M551

Target Range Band Range Band

1-2 3.-4 1-2 3-4

319 311 361" 366*
320* 312 371* 367
327 321 372* 369*
413* 322 436 370

SCOUT 440* 412* 417A
427* 439*

(XM800) 428
441"
442

307* 302 353 349
308 309 354 350
325 310 363* 355
326* 407 364 356

M6OAI 414 425* 405* 403"
430 426* 406* 4,11

(TANK) 431 432 422 ,
435* 433 A4Q3
436 434 424 421*
444 443*

3]5 14k 357*

TWISTER 31, 3?3* 358*
31 7 41 O*

( X.M sf( ) 411 * 429

erl'r(• J

. .... . ......



Table 15. Observed maximum gunner errors, azimuth and elevation

X SD Mirn Max Skew Kurtosis

Azimuth error -. 237 2.820 -10.41 14.140 .246 1.388
(meters)

Azimuth) error -. 175 1.655 -3.950 7.490 .170 -. 699
(mils)

Absolutc azimuth 2.282 1,671 20 14.140 2.014 6.529
error (meters)

Absolute azimuth 1.497 .726 .07 7.49 1.240 5,143
error (mils)

Elevation error .380 2.248 -6.97 8.14 .077 ,.2(j
(meters)

Elevation error .197 1.488 -3.460 4.090 -. 122 -. 759

Absolute elevation 1.929 1.212 .06 8.14 i.344 2.498
error (meters)

Absolute elevation 1.316 .721 .05 4.09 .903 .675
error (mils)
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Table 16. Frequency of maneuver occurring prior to maximum gunner

error

AZMAN3 AZMAN12 ELMAN3 ELMAN12

ReRelRee1
Code Freq Rel Freq Rel Freq Rel Freq el

Freq Freq Freq Freq

Al 13 1.2 70 6.3 20 1.9 83 7.7
81T 01 7.- 0.0 0-o 0.0
B2 0 0.0 0 0.0 0 0.0 2 0.2

11iif3 0.3 6O 0.9 0 0.0 6 0.6

C2 0 0.0 7 0.6 0 0.0 7 0.7

C3 6 0.5 19 1.7 2 0.2 17 .6

C4 7_ _. 1 .

DI 48 4.3 17 1.5 35 3.3 19 1.8

D2 93 8.4 25 2.3 80 7.5 31 2.9
03 49 4.4 41 j3.7 1 40 3.7 33 3.1

'D4 43 3.9 31 2.8 50 4 . 39 3.6
El 0 0.0 23 2.1 0 0.0 23 2.1
E2 1 0.1 I 27 2.4 0 0 0. 2/ 2.5

F 89 8.0 69 6.2 91 8.5 59 5.5
F2 75 6 .8 51 4.6. 7 6• • 48 4.5

-7 C]I 61 5_.8 56 15.2 63 5 .9
F4 7 6 57 5.1 , - 5.9

G1 297 26.8 338 30.5 Yl1 9 303 28.2
? 4 . 144. 51 4.6 59 55 .5 40

• G3 71 6.4 92 8.3 62 5. 8 93 R. 7

j G4 11 29 11.6 115 10.4 1 0 . 08 i ().1

Tro tl 108 00.I108 '100.0 10j133 73 100. 17 o8

AIMANr : Mano euver 0( ,iirr fi' ' :'conLd pri'or to liiLx I ' lllmluth err•lor.
AZMAN I Mo•rniver o r(.urrIn q 0-.. _.econd- prior to m, lirvlunm azimutUh error,
F,.MANA M IFI(eu•pr 0( Curr n rr , t ,e IoIdVC 0&'1 prior +, maxiniom el.ev•ltion error.

LMAN12' Monai.e vw r oe U ri. ) 0-- seI'): ds t oito to VaxiFum (Aevo ti,, n o rti

~' /



determined at times corresponding to maximum gunner errors. Speci fical ly.
the maximum, velocity and acceleration occurring during the interval from
0.50 seconds preceding to 0..25 seconds following maximum gunner error were
determined. A 0.75-second interval was used because maximum error times
were recorded to the nearest 0.5 second, and it was felt that if target
velocities and accelerations were to Increase gunner error, those vehicle
characteristics causing the increase would slightly precede the displayed
error. After the maximum velocity and acceleration were found in the
interval for each occurrence of maximum gunner error, their x-, y--, and
z-components with respect to the gunner positions were determined. Table 17
displays average resultant velocity and acceleration data, which correlate
with the times for maximum gunner errors. When these results are compared
with those in tables 6 and 7, one can see a significant difference between
the resultant velocities and accelerations occurring in the gunner error
correlated and overall vehicle performance data. However, this significance
must be noted remembering that the gunner error cozrelated values were a
maximum value within a 0.75-second interval.

(d) Using the different measurenvnts of maxim-umn gunner error
as dependent variables and velocity and accele'ation components, as well
as range, as independent variables, 16 stepwis2 linear regressions were
examined for a relationship between Maximum ginner error and target vehicle
performance. Table 1S indicates the dependent- and independent variables
used In each of the 16 regressions. The sterwvise regressions were per.-
formed using the Statistical Package for the ½ocial Sciences (SPSS) cowputer
software. For the final variables in the recg-essions equations, table '!9
displays the multiple correlation, R, and the proportion of deprndent
variable variance accounted for by the indepei'dent variab'ýes"\ R -. 1r-I(ep-P-)
dent variables were entered into the regressLmn equation until thr Kc
default values were reached.. The default valjes allow for all K
insignificant variance to be entered into th-e equationis. [,, I
fromi thisý table, the absolute values of the maximum error,' I oe much
more highly with the independent variables Shndo the 11m> u rors The
highest percent. cJ variance being accounted for amount.,, h., 3/.1i percent in
regrfession equation 4. A breakdown of this etjuation is, presented in
tableC '0). As one can serange is the first varial. e enter-ed into the
regression equation and( accounts for- at 1aroe porti.Pn of var~irtICe. 11- a 1I
other regress ion equiatioWs involving ahcl outt values- oft ma> irIuII gjunnetr
C--r orV, ranrg e si-I tways. the fiirs t. var iable en' ered inrto Hiere1y .n
equa tiono and ace ourits; for moc t at the ex p1 a i ed var ianrce. Tbi, r cut's
Simpl1i1es that. the range to the target i s more si ,ni fi cant t ha t.,iryet v eh ici e
v e 1 or ty arnd AC el era t ion coiipoinentsý in riýredi ct i a t.he aLi';o rite V alu e of
ms xi urum yun ner error . Sjncfnrc onl1y fa ir resri 1t s Were riotIed in predict inrg
abhsoI rite ma ximu mornneo rrerccrorcs and cx trened '1 po;or V(5 i.were ien l

precli ct~ ri maximum gunner ervror, the anria Is Y iWas ten I i t I'd wit h the
conic. 1usýi ln tha t tar~jet veh i:it, Velo I oit! e 11nd ac cet'r I I mo';!.I , hav (IVI I t>
correl ati rin wi th maximounm gouIer erc-V

(F i rid i nrigs



Table 17. Average velocity and acceleration at maximum gunne;v error*

X SD N

F Velolity (m/sec) at
maximum azimuth 6.588 2.607 1103

errorI

Acceleration (mis.c )
at marriumm azimuth 1.532 1.037 1103
error

VelociLy (m/ser) at
m .-x im r -, ol e v a t i r( n 1 ,, 4 6 2. 4•9 ? 3 0 i 7
•),>'ror 07

Aci 1 50eratG 0 (jsec ,.
a• mai•x 1 ,rIU ei(eva t 0 ;., S ion'I ,O .0$ (7i

r<ror

V -1ý,ws tak:en ifý the .7 , ccýd irtterw:•r , about too iaxiu! errc ;.-

I '
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Table '18. i~egre!.s1tir. analysis deyn~ndent ar<o independent v--riable

comM rm t,---, (cwid tried)

DEPENDENT VARIABLES

A: Azimuth error (meters)
B3: Aztm,;uth error (mils
C: Absolui.te value of azimuth error (mieataýrs I
D: Absol ute value of azimuth error- (milIs)
E: 2'eainerror (meters)

'U Sevdtio~n error (mils)
G: AbsoluIste value of elevation error (meters)
H: Ibs.))ate value of. elevation error (mil Mc

INDEPENDENT VARIALES

of I V-1 ty (1q/Sc)

X z~t x -con ponont. of Veoit :;kse9

I ~q3 LiOccopoili~nt of volc SC V(m~;ec.
xo0mnpur'.c nt of e :ce I evA t i co' I'm /

y-(JNCOZleflt of a'. w/eeto Sd bac
/ :)n:nnuf nceea~ 0P/'

4: 1czt compour'.ni (if a c(-c r ra t ic i;mi i/ScM
P: Range to tirqet, ve~icle (mceters)



Table 19. Multiple correlation and the explained variance resulting
from t•he regression equations

Regression R 2, proport!on of
No. mu1tiple correlation variance accounted for

1 .131 .017

2 .114 .013

3 .325 .105
4 .609 .?71

5 .140 .02U

6 .064 .004

7 .329 JOB

8 .602 62

9 .150 .022

10 .175 .331

11 .454

12 *55.2

13 .1688 035

14 .143 .",)20

15 .455 707

16 .557 .310



Table 20. Stepwise breakdown of regression equation number 4

r Coefficient Multiple 2 'crementSe aibl ofiinR Rin R 2

Range ,00106 .60127 .36'152 o36152

Ste Varla1 .60547

2ey-oonent .03825 .60547 .36659 .00507

3 ccl ra -. 07363 .60708 .36855 .00196y-component

Velocit .35686 .6081 7 36987 .00132z.-component-

W5 veocl ty .1 7063 .608'13 .3,9056 o 00059
Z-component

6 Acceleration .01916 .60899 .37087CI .J0031
x.- component

Ve I o i ty
x7-compent .0.440 6090B --: "709, 000 10

-- ....--..... ,...• , . O001..*-...-.......

(Conrl sta n t .59943

113



(a) An unexpected number of maximum errors occurred while the
target vehicles were moving in a straight line path, especially toward the
gunner.

(b) Average resultant velocities and accelerations time
correlated with maximum gunner errors are greater than corresponding average
overall trial velocities and acceleration for target vehicles. It must be
remembered, however, that the time correlated values were maximums
occurring within a 0.75-second interval surrounding the time of maximum
gunner error.

(c) Maximum gunner errors demonstrate only a slight multiple
linear correlation with a target vehicle's veiocity and acceleration com-
ponents, and its range. When the absolute values of gunner error are con-
sidered, moderate multiple correlations are observed. Noting these results,
the relationship between gunner error and target vehicle motion does not ap-
pear to warrant further investigation without at least near continuous gun-
ner and vehicle input and a more appropriate time series analysis technique.

5. CONCLUSIONS.

a. Line-of-Sight Anlsis.

(1) A maneuvering target vehicle that. utilizes terrain and vegeta-
tion characteristics has the capability to impose an appreciable number of
missile abort situations. The frequency and duration of target vehicle LOS
nterruptions, density of the vegetation, and range from the target to the

junner are influential parameters in producing these missile abort situa-
tions.

(2) TOW gunners were best able to perceive the probabili(,' vI. a n
LOS-LOS combination occurring in the firing and impact sequence it ranges
less than 1,600 meters. As the range increased, Shillelagh gumners from
both the M551 and M60A2 had the best percept:ion of the LOS-LOS probability
when firing.

(3) It appeared that the XM808 TWISTER was the target vehicle that
most successfully disrupted the LOS-LOS combination of the DRAGON and TOW
cunners firing and impact sequences. The Shillelagh gunners, from both the
H551 and M60A2, had more difficulty achieving the LOS--LOS combination
against the XM800 Scout than agiinst the other two target vehicles.

b. Ta e2_tVeoci ties and Accelerations.

(1) The perspective arid range from which a gunner obhvrve .. I

maneuvering target significantly affect, the amount of targm t. motion
pvesenteci to the gunner.

i?) The average vchicle velocifties and accclerailionr deu•uo.K. r 1t. 'd
on cross-country terrain av'e lower than mi qht be ex pe.(i.td( •ar•,idrrinq
performarice st andard, J:tated for the veL ic(l es

~44I



(3) The differences among mean velocities and accelerations for the

different target vehicles are not as pronounced as migot be expected.

c. Relationshi. of Maximum Gunner Error with Target Vehicle Motion.

(1) Under operational conditions and with the analysis techniques
used, target vehicle velocities and accelerations show little relationship
with large gunner errors,

(2) No maneuver appears to be any more significant at causing major
errors in gunner tracking than any other maneuver. In fact, maneuver alone
cannot be considered as a cause for significant gunner error.
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APPENDIX A

SELECTION OF CANDIDATE MANEUVERS

A-i. Figure A-I depicts the missile flight path from tracker to target,
with miss distance caused by both gunner error and missile error.
Tables A-I through A-3 present the course parameters and geometry of each
of the target maneuvers and figures A-2 through A-.12 illustrate the actual
maneuvers investigated.

A-2. MANEUVERS INVESTIGATED. Nine types of maneuvers were investigated,
with several variations within each type. The general types are as follows:

a. START: From a stationary position the target accelerates in a
direction norial to the LOS.

b. STOP: Traveling normal to LOS at fixed speed, the target
decelerates to a stop.

c. STOP/START: Types a and b combined.

d. FAST TrURN: Traveling at constant speed, the target executes a 900

turn, continuing in new diyection.

e. S TURN: Same as type d except two 90o turns are performed end to
end to form an S.

f. SWERVE: Variation of type e where turns are less than 90°

g. SERPENTINE: A series of constant radius, constant angle ;ircular
arcs which oscillates the target about a mean line of travel.

h. RANDOM SERPENTINE: Similar to type g but allowiný variation of
turn radius and arc angle.

i. ZIG 7AG: Siraight line segmeits connected by constant radius turns.

A-3. 5 MI3OLS.

D,_f i ri tions

VT Speed of Ta rget, M/Sec

R.. Ranqe to Target at Missile [Launch, Km

Yr T Iar(Jet Oadiu•, of lurn, M

H, Me• Ler :,

ri,

K z:t *:

S• •,. -- • •. ; . . . - . .. .......... . .... . .. ..... ... .



Defini iions

to Seconds of Missile Flignt prior to Target
starting the Maneuver

t t Seconds of Target Maneuver prior to Missile
Launch

A-4. TERMS.

Aspect Angle = Angle at which the gunner views the course.

Arc Angle = Degrees of arc tr3versed by the target in a single
naieuver segment.

A-.?
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APPENDIX B

INTERVISIILITY COMBINATIONS FOR MISSI ENGAGEMENT SEQUENCES

B-I. TABLES B-1 THROUGH [D-3. The number and percentages of LOS fire and
impact intervisibility combinations occurring across all ranges are shown
in these tables. Each table identifies the combinations, categorized by
weapon system, against each specific target vehicle.

8-2. TABLES B-4 AND B-5. These tables depict the number and percentages
cf LOS fire and impact intervisibility combinations against all target
vehicles. Each table identifies the combinations, categorized by weapon
system, in each of the two ranqe bands.

B-3, TABLES B-6 THROUGh B-11. The intervisibility combinations in these
tables have been identified by weapon sysLem, but each table iLas been
arrayed to represent only one target vehicle in only one range band.
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APPENDIX C

PERCENTAGES OF TIME IN LOS CONDITIONS

C-i. TABLES C-1 THROUGH C.3. The percentage of total trial time the
target vehicles spent in each LOS cotidition for all rar.ges is pertrayed in
these tables. Each table is arrayed with a single target vehicle against
each weapon system.

C-2. TABLES C-4 AND C-5. The combinations in these tables identify the
LOS condition by range band and weapon system against all target vehicles.

C-3. TABLES C-6 THROUGH C-Il. These tables depi'wt the LOS conditions
categorized by weapon system. Fach table presents those conditions for a
single target vehicle and a single range band.

I
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Table C- The percenLajc (,f total tridl time spent by the
SM6OA' "ank in each LOS condition, as observed by
C each ,4eapoun , ter n

0 r, d ion()l S ;1" 55.98 .i <l

II

1 (A j

|¾100



Table C-2. The percentage of total trial time spent by the
XM800 Scout in each l.OS condition,, as observed by
each weapon system

LOS Ak,1i",porI Sys CteII

CoiI• it o n
O)RAGON I OW M.n , M6(A2

O.)S 7126 68.78 J 52.7/ 55.57

IV 12.87 11,29 J 24,53 2 09

N1(I S "J 5 8-1 1 9.13 J k 70 21. 34

~ 0 1 oO1) 100.00 f 100. 00 J

m~t .......



Table C-3. The De;c. t,•, " ,. , nt by the
XM808 TWISTFIF ifi eac:h U_ C~)-,ditior, a; observed
by -

C o I o I It. I

Sr 62.00

i. I;,• I o . oIV 81

I DO 00)



Table C-4. The percentage of trial time spent in each LOS
condition for a: target vehicles in range bands
1 and 2, as obsý ed by each weapon system

S! I M-" li)S ,,,'',l ~or• Sys ii

i t NI O)W 5 1

I10S 69.30 69.95 51.23 51.jJ8

IV 16.41 15.89 24.14 24.93

' [ , f 14.29 j 146 24.63 23.99

I(AtGOC 100.00 100.00 100.00

I

I C- 5
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Table C-5. The percentage of trial time spent in each LOS
condition for all target vehicles in range bands
3 and 4, as observed by each weapon system

LOS f n tem

Condi on f
LOS 63.20 5P,72 60.13

IV 16,63 16,63 19

1ýt ()S 20. 17 24,05 i ; I

I FA, I 100.00 i o.o0 100.00

.in
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Table C-6. The percentage of trial time spent in each LOS coneitlon
by the M6OAI tank in range bands I and 2

IS ]Wpon System

10S 68.86 69.69 53.03 52.57

i 1V 7. 23 165.90 22.89 23. 72

NI Os ?3.91 13.4! 24008 23.71

I M
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"Table C-7. The percentage of trial time spent in each LOS
condition by the XM800 Scout in range bands 1
and 2

LOS Weapon Systrem

Condition DRAGON fOW 5 M51 M61\OA2

LOnS 71.26 71 ,26 38.99 38,99

IV 12.87 1 2.87 32.59

I I I
NIOS 15.87 15.87 28.42 OP

10 1. 100.00 100.00 100.30 100.00

C-
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Table C-8. The percentage of trial time spent in each LOSaCondition by the XM808 TWISTER in range band5 1anid 2

/ 
l''adpon Syst.em

IC(,'' I t i n o

I 6,5 68.II1 63,41 63.41

SIV / 19,58 16.71 15.77

i ii S 1 2 . 9 o / 1 4 . 4 5 J0/ 1 9 .8 7

'2082 '98/ iU / 100.(10 100.00 100.0 / 100, O

11
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Table C-9. The percentage of trial time spent in each LOS
condition by the M6OAl tank in range bands 3 and
4

LOS JWeapon Sy-t(. - -

CJ,,, Wtio, Jw M- ]i

LOS 63.45 1 58.60 58.9 1
lV 17.79 J 14,62 19, 67

18.76 2 6b.78 j 21.39

f L100.00 f 100.00 100
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Table C-1O. The percentage of trial time spent in each LOS
condition by the XM800 Scout in range bands 3
and 4

L.OS Weapon System

Clndi t i on 5I o M'1 M551 M60A2I I OW

LOS 67.66 58.49 62.45!I I
IV 10.58 21.19 18.59

ýrl ()S 21.76 20.32 19.96

11AL 100.00 100o0O0 1 00, 0 2

f. .. . . .. .. -
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Table C-1i. The percentage of trial time spent in each LOS
condition by the XM•08 TWISTER in range bands 3
and 4

LOS Weapion System

Condition 1
TOW M551 M60A2

LOS 49.47 61.18 60.53

IV 29.49 13.82 J 14.14

NLOS 21.04 25.00 25.33

TOTAL 100.00 ] 100.00 100.00

C>1



APPENDIX D

MATHEMATICAL DERIVATION OF CUBIC LEASTSQUARKS FIT POLYNOMIAL_

D-1,. STATEMENT OF THE PROBLEM.

a. The~ Range Measuring System (RMS) provided position data for the
ATMT target vehicles in terms of tirn,,, OTM x-coordinates, and UTM y-
coordinates. The z-coordinate valucs were added by COEC based on 10--meter?rid aerial survey data and a cubic spline interpolation technique
reference 1). In order to characterize target vehicle movement, it was

ntcessary to obtain the velocity and acceleration in the UTM coordinate
system as a function of time.

b. A direct computation of differences in the position coordinates
divided by diffei-ences in time showed the data contained far too many er-rors
to give realistic estimates of velocity and acceleration. Several dif-
ferenit methods were tried to smooth the coordinates and obtain realistic
velocity and acceleration as functions of time (reference 2). The methods
considered included point skipping methods, spline curve -fitting, Kalman
filtering, and least squares curve iitting. The method selected was the
fitting of cubic polynomials to N Ž 4 time-coordinate observed data points.
The velocities and accelerations were computed from the first and second
derivatives of the positions expressed as cubic polyniomials of the form:

x(t) = a ~a It+ a 2 2+a3 3

y(t) =b 4 bIt + b 2 t + b t3 t(D-1)

2 3

'the coe ffi cient!s were actually determi ned from a 1least sq(uares fit to 35
(an odd numbeI(r for symmetry purpo'ses) observed dat(a points.

C. Vbe der'ivatilon of x (t,.) i!s p resented in pa ragra ph D--2.* wi tb the
der i vat ions of the othel, coord i notes- be i 0 si mil1ar.- Th is derivation i,.
pres en ted i ncec most0 books. anrd 1sick aged p rog rams empl1oy e qual11y space~d
(in t:bime or the independent variabl e) data points. The l uxury of equally
,,paced points is niot pre!sent. in the RMS data. Most , but not all , data
points occurred eac h .1 t. D1 seconds . For less than 9 observed dat&
poi nt,. the accfl erations, obtai ned were extremcel y unreal isti c-, e .(.., they
had w ideJ var iat ions anrd J umrped frou p)TI iO5i 1VC, to nlega t ive to po sit.i ve Inr
one-- hal f second. Ani it.1tocorrel1ati on prog~ram on) somle of the data sugoes" tec
that. 'it. leat 20 po in t" were needed heftore the errorsl (p1 us soine true
s jnAl ) hocome indepenident of each other. Thi, sis in aiyreeiqent with the
I eulY i tic leo0a o! I i h0a1(1. the vib oti.1 e (could make 'At 1I eAst. one hut. not m~ore

thaIn onmrW 11ý1(r u r'].1lt. on 0ti nge each One to two se~conds . hi, si s thle
same numer ofI0 der ivtoti vei~ chanqe~ lossi1hi e on eac-h a'.0s with a



cubic polynomial. The remaining consideration is determining the number of
data points to use in order to obtain both smooth and realistic velocities
and accelerations. Based upon Calcomp plots of the resultant velocities and
accelerations as well as their components, a 35 point set was finally
chosen for the estimation process.

0-2. DERIVATION OF THE COEFFICIENTS.

a. Analyics. The notation used in this paragraph is I for the rnumber
of points fitted, x(t) for the actual x-coordinate (unknown), x(t) for thE
observed x-coordinate, X(t) for the smoothed x-coordinate, and t for the
time in question (where (1+1)/2 f k f I-(I-l)/2). With this notAtion the
smoothed x-coordinate is:

= at2 3,
X(Lk) 0ak + altk 2 t- k + a 3 tk

the x component of velocity at tk is:

dX(t k) 2dtk - a1 + 2a t+ 3a3 tk

dt k1 2k 3k

and the x component of acceleration at tk is:

d2 ;(tk)
2a 2 + 6a 3tk

dt

Let M (1-1)12. The objective in least squares f-t is to minimiiv:

k+M
H(aOa 1 ,a 2 ,a 3 ,) = i-(ti) _ x(tl)jI 2

(D-2)ký +M
)M jX(tA a. (t.)J

i k-' " j:O J

Io find the coefficients by minimizing H, the partial derivative of H with
respect to each a must be calculated, the resultiry expre',.ion•, set equal
to zero, and the n 's solved for each n -), 1 , 2, 3. Thusý , ( for each n

k +M i!' "-M I. ) I .I1X0. i ) • d ) . t-(t •

a rd by si ripi In (iiny•c It d•i nq switch i nw the (,rder oi t dldit i o):

(3)--2



"k+M kOMX' ( ti (),jn I -• > x (t )(t ~n(n4
j=O i k- '1 ikM i " k -41

In matrix form this last system of equations is BA=R or A=B-IR where:

A = (a ); r = (r ); b = (bj ;
n n i

k+M
r = ix (ti)(ti)n, n = 0, 1, 2, 3; (D-5)

V ~i=k M 1 1

and

k+M
S Inj (ti)nJ nj = 0, 1, 2, 3.

i=k-M

b. Cautions. The equations of the previous paragraph must be applied
with care when programmed on a computer. If the size of t. is large
relative to t -t (e g., the number of significant digitl in t. minus the
number of sighiflcJnt digits in t.-t. • is greater than machine ýrecision),
then it is required to translate lhelt.'s so that t = 0 in order to
achieve any numerical accuracy. After'a translatioh it can be observed
that if the t. were equally spaced, then B (already a symmetric matrix) is
a constant matrix, a fact which could be used to shorten the nunber of
computations. If an orthogonal set of polynomials could be used (only
reasonably possible in the case of equal spacing) the matrix B would be
diagonal and easy to invert.
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